Abstract: Tick-borne pathogens can cause serious problems in grazing cattle. However, little information is available on tick-mediated diseases in cattle grazing on mountains. Thus, this study aimed to understand the potential problems related to tick-borne diseases in grazing cattle through the investigation of prevalent tick-transmitted infections, and their associated hematological changes, in terms of season and grazing type in Korean indigenous cattle (= Hanwoo). Hanwoo cattle from 3 regions of the Republic of Korea (= Korea) were either maintained indoors or placed on grassy mountains from spring to fall of 2014 and 2015. Cattle that grazed in mountainous areas showed a greater prevalence of tick-borne infections with an increased Theileria orientalis infection rate (54.7%) compared to that in non-grazing cattle (16.3%) (P < 0.001). Accordingly, the red blood cell (RBC) count and hematocrit (HCT) values of grazing cattle were significantly lower than those of non-grazing cattle throughout the season (P < 0.05). Moreover, RBC, hemoglobin (Hb), and HCT of T. orientalis-positive group were significantly lower than those of T. orientalis-negative group (P < 0.05). T. orientalis is a widespread tick-borne pathogen in Korea. Grazing of cattle in mountainous areas is closely associated with an increase in T. orientalis infection (RR= 3.4, P < 0.001), and with consequent decreases in RBC count and HCT. Thus, these findings suggest that the Hanwoo cattle in mountainous areas of Korea are at a high risk of infection by T. orientalis, which can lead to hematological alterations. This study highlights the necessity of preventive strategies that target T. orientalis infection.
INTRODUCTION
Hanwoo cattle (a traditional Korean indigenous breed: Bos taurus coreanae) are one of the most economically important species in the Republic of Korea ( = Korea), as they are a significant source of nutrition for the Korean people [1] . Even though the demand for Hanwoo production has increased, most farms in Korea find it difficult to raise enough cattle due to the overcrowded conditions that are common in cattle farms of Korea. These overcrowded housing systems can cause multiple problems, such as financial burdens due to high feed prices, rapid spread of acute infectious diseases, restricted movement, and abnormal behavior, thus leading to poor animal welfare [2] .
In order to resolve these issues, implementation of a pasturing system in mountainous areas is being considered in Korea. Although this type of grazing system reduces the production costs and improves animal welfare [3] , it has several disadvantages in terms of nutritional management and disease control. Energy imbalances and seasonal temperature variations can compromise the health of the animal when the pasture-based system is used [4] . Higher exposure to ticks and the consequent risk of tick-borne disease in mountainous areas are also major concerns [5, 6] . Global warming and ecological changes have resulted in favorable conditions for the rapid growth and reproduction of ticks over the recent decades. Multiplying tick populations and the frequent occurrence of tick-borne diseases can cause serious problems for cattle grazing, leading to economic losses for the livestock industry [7] . The aforementioned environmental changes and globalization may also give rise to the emergence of new species of tick vectors; therefore, new types of pathogens and the geographical distribution of tick-borne diseases should be continuously monitored all over the world, including Korea [8] . In addition, to ensure a safer mountain grazing system for cattle in Korea, research should be conducted on the potential problems associated with grazing [2] .
Many Rickettsiae and Protozoa species (Bartonella spp., Ehrlichia spp., Rickettsia spp., Anaplasma spp., and Theileria/Babesia spp.) are transmitted by ticks [7] . Various tick-borne pathogens have been reported all over the world, including Korea; however, most of the previous studies have focused on detecting pathogens from ticks [9, 10] . Even though tick-borne diseases are important in the grazing cattle industry [11] , very little is currently known about the natural infection patterns and physiological changes associated with tick-borne pathogens in cattle that are pastured in mountainous areas [2, 12] . Specifically, no prior studies have addressed the hematological changes induced in Hanwoo cattle by tick-borne pathogens in Korea except for a study in Holstein cattle [2] .
Thus, the objective of the present study was to investigate the rate of infection with tick-borne pathogens and the hematological changes related to natural tick-borne diseases, in mountaingrazing Hanwoo cattle. This study is the first to report the hematological alterations induced by tick-borne pathogens in Hanwoo cattle, which is a valuable local breed of cattle in Korea. Our investigation provides beneficial evidence on preventive strategies against tick-borne pathogens, and will consequently help establish a successful cattle-grazing system in Korea.
MATERIALS AND METHODS

Ethics statement
All procedures were carried out according to the ethical guidelines for the use of animal samples, as approved by the Chonbuk National University Institutional Animal Care and Use Committee (IACUC), decision no. CBU 2014-00026. Verbal informed consent for the sampling of the cattle was obtained from the managers of the surveyed farms after the procedures and possible consequences of the study were explained.
Experimental design
The study was conducted on Korean indigenous cattle (Hanwoo) from 2014 to 2015 on 3 farms in the following, geographically distinct, locations in Korea: Hoengseong (southwest Gangwon Province), Jeongeup (southwest Jeolla Province), and central Jeju Island (Fig. 1) . Hanwoo cattle aged 7-60 months were used in this study. Healthy Hanwoo cattle without any abnormal conditions, as determined through physical examination, were included in this study. The Hanwoo cattle were examined for infection with tick-borne pathogens in the spring (April; n = 159), which was the starting point of the study. Subsequently, the cattle were either maintained indoors or placed on grassy mountains from spring to fall (April to October); we subsequently investigated the infection rate of tickborne pathogens in the Hanwoo cattle. Control groups were randomly selected from among the cattle that had been raised indoors without pasturing; n= 61 in summer (July to August) and n= 25 in fall (October). The test groups were randomly selected from among the cattle that were allowed to graze on the mountains from spring to fall; n= 28 in summer, n= 25 in fall.
Sample collection
Blood samples were collected from the cattle housed indoors and those maintained outside on the pasture from 
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spring to fall, as described in a previous report [2] . Briefly, we collected 5 ml of blood from the jugular veins of the cattle into EDTA-supplemented tubes; these were delivered to the lab immediately after collection. The samples were subjected to hematological analysis on the day of the blood collection; subsequently, they were immediately frozen at -80˚C until DNA extraction. To identify hematological alterations that might have been caused by a tick-mediated infection, all the results were evaluated on an individual basis in terms of the season and grazing type.
PCR amplification and nucleotide sequencing
Previously described PCR primers and conditions [2] were used to screen for tick-borne pathogens (Theileria, Anaplasma, Ehrlichia, and Rickettsia spp.). Briefly, genomic DNA was extracted from 200 μl of whole blood using the DNeasy Blood & Tissue Kit (Qiagen Inc., Valencia, California, USA). The AccuPower Theileria PCR Kit (Bioneer, Daejeon, Korea) was used to detect Theileria, and the AccuPower Rickettsiales 3-Plex PCR Kit (Bioneer) was used to detect Anaplasma, Ehrlichia, and Rickettsia. All PCRs were performed using primer sets that targeted the genes for either 18S ribosomal RNA (rRNA; in the case of Theileria) or 16S rRNA (in the case of Anaplasma, Ehrlichia, and Rickettsia). The PCR products were subjected to 1.5% agarose gel electrophoresis and visualized using ethidium bromide staining. Blood samples positive for Theileria, Anaplasma, Ehrlichia, or Rickettsia were considered infected with tick-borne pathogens (Fig. 1) .
In order to further confirm the presence of Theileria orientalis, a PCR was performed to detect the gene encoding the major piroplasm surface protein (MPSP) of T. orientalis in the Theileria-positive samples ( Fig. 1 ) and the purified PCR products were sequenced, as described in our previous publication [13] . Briefly, the amplified DNA was purified using a QIAquick PCR Purification Kit (Qiagen) and sequenced (Bioneer). The DNA sequencing data were subjected to a Basic Local Alignment Scarch Tool (BLAST) analysis to determine closely corresponding sequences in the GenBank database. A phylogenetic tree based on nucleotide alignments was constructed using the neighbor-joining method [14] . Bootstrap analysis with 1,000 replications was conducted using MEGA version 6 [15] .
Hematological analysis
Hematological parameters were measured using an automatic blood analyzer (Hemavet 960, Erba Diagnostics Inc., Miami, Florida, USA). Specifically, a red blood cell (RBC) profile included the RBC count, hemoglobin (Hb), hematocrit (HCT), mean cell volume (MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin concentration (MCHC).
Statistical analysis
Statistical analysis was performed using the SPSS 23.0 software package (SPSS, Chicago, Illinois, USA). Pearson's chisquare test (χ 2 ) was applied to evaluate whether Theileria infection was associated with the seasons and grazing types. Moreover, the relative risk (RR) of all factors was used to measure the strength of association. Point biserial correlation coefficient (r) was calculated to evaluate the relationship between hematological values and Theileria infection. To evaluate hematological alterations among season, grazing type and Theileria infection, quantitative data were analyzed using either a 2-tailed independent t-test or Mann-Whitney U test, depending on the results of a normality test. Data were expressed as mean± standard deviation (SD) and P-values< 0.05 were considered significant.
RESULTS
Geographical investigation of tick-transmitted infection
The blood of Hanwoo cattle from 3 farms was examined for tick-borne pathogens before pasturing in the spring (Fig. 2) . The rates of infection with tick-borne pathogens were 4.0% (2/50 cattle), 30.6% (15/49 cattle), and 25% (15/60 cattle) in the farms of Hoengseong, Jeongeup, and Jeju Island, respectively. Therefore, the average rate of infection with tick-borne pathogens was 20.1% (32/159 cattle) before the grazing started. Theileria was detected in all the farms surveyed in this study, and its infection rate was higher than that of the other tick-borne pathogens. Several Hanwoo cattle were infected with Rickettsia in Jeongeup and Jeju Island. Ehrlichia and Anaplasma were not detected in the cattle before the grazing began.
Tick-borne infection in Hanwoo cattle by grazing
To investigate natural or epidemic infection with tick-borne pathogens in Hanwoo cattle raised in the mountainous areas of Korea, the rates of infection with tick-borne pathogens were compared between housed and pastured cattle from spring to fall (Fig. 3) . The infection rate among the housed cattle was 17.6% (43/245 cattle), whereas that among the pastured cattle was 56.6% (30/53 cattle). Among the cattle that were positive 3 . The rate of infection with tick-borne pathogens in grazing Hanwoo cattle. Hanwoo cattle were either housed indoors or maintained outside on the pasture from spring to fall. The rate of infection with tick-borne pathogens was subsequently investigated among (A) housed and (B) pastured cattle. In addition, the infection rate of each pathogen was analyzed in cattle that were positive for tickborne pathogens.
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for tick-borne pathogens, the percentages of Theileria-positive cattle were 93.0% (40/43 cattle) and 96.7% (29/30 cattle) in housed and pastured cattle, respectively. These figures included those that were co-infected with Anaplasma or Rickettsia. Theileria was the major tick-transmitted infection in Hanwoo cattle. In addition, Anaplasma was detected considerably more often among pastured cattle, 30% (9/30 cattle) including co-infected cattle, than among housed cattle, 2.3% (1/43 cattle).
Meanwhile, PCR detection of MPSP and phylogenetic analysis of the MPSP sequences revealed that the Theileria isolates constituted the T. orientalis species. Detailed information regarding this can be obtained from our previous publication [13] . The sequencing of Anaplasma and Rickettsia PCR samples was not processed.
The effect of season and grazing type on T. orientalis infection and hematological changes
We analyzed in detail the association between T. orientalis infection and the variables (season and grazing type). The seasonal T. orientalis infection rates of housed cattle were 18.2% (29/159 cattle) in the spring, 11.5% (7/61 cattle) in the summer, and 16.0% (4/25 cattle) in the fall; therefore, the average infection rate was 16.3% (40/245 cattle) over the whole season (Fig. 4A) . A chi-square test did not reveal significant differences in the association between the season and infection rates among the housed cattle (χ 2 = 1.5, P > 0.05). In contrast, the T. orientalis infection rates of the pastured cattle were 46.4% (13/28 cattle) in the summer and 64.0% (16/25 cattle) in the fall, the average rate being 54.7% (29/53 cattle) throughout 9.5 ± 0.8 11.3 ± 1.0 34.3 ± 2.5 36.1 ± 2.0 11.9 ± 0.4 32.9 ± 0.8 Grazing (n = 24) Negative (n = 8) 9.2 ± 0.9 11.2 ± 0.9 33.6 ± 2.6 36.6 ± 2.3 12.2 ± 0.8 33.4 ± 0.8 Positive (n = 16) 8.6 ± 1.1 10.2 ± 1.2* 32.6 ± 3.1 37.9 ± 2.2 11.8 ± 1.1 31.2 ± 1.8** *P < 0.05 and **P < 0.01 vs T. orientalis-negative group within the same season and grazing type.
the whole season. There was a significant association between the season and infection rate in the pastoral environment (χ 2 = 28.1, P < 0.001). The T. orientalis-positive rate was 3.4 times higher among pastured cattle than among housed cattle throughout the whole season; RR= 3.4, 95% confidence interval (CI)= 2.3-4.9, and in both summer (RR= 4.1, 95% CI= 1.8-9.0) and fall (RR= 4.0, 95% CI= 1.6-10.3). This indicated a close relationship between the infection rate of T. orientalis and grazing type (χ 2 = 36.1, P < 0.001). Subsequently, the seasonal and grazing effects on RBC parameters were evaluated (Fig. 4B ) and compared to those on T. orientalis infection to investigate the association between hematological alterations and T. orientalis infection. The RBC count and HCT did not differ among the seasons (P > 0.05). Pastured cattle showed a significantly lower RBC count and HCT compared to housed cattle in summer (P < 0.01) and fall (P < 0.05). The RBC (9.3± 1.9 M/μl) and HCT (34.9± 5.0%) of the pastured cattle were lower than the RBC (7.7± 1.5 M/μl) and HCT (32.1± 4.8%) of the housed cattle throughout the whole season (P < 0.01), indicating that grazing was a risk factor for alterations in the hematological parameters.
Grazing throughout the season was closely associated with the increase in T. orientalis infection and the decreases in the RBC count and HCT. Correlation analysis suggests a negative relationship between T. orientalis infection and the hematological changes (r= -0.2, P < 0.01). The changes in the hematological profiles by season and grazing type are listed in detail in supplementary Table 1 .
T. orientalis infection-associated changes in RBC profile in Hanwoo cattle
In the present study, T. orientalis accounted for > 90% of Hanwoo cattle infections by tick-borne pathogens; such infections may cause an economic loss to the Hanwoo cattle industry in Korea. To confirm whether T. orientalis infection induced alterations in the RBC parameters, RBC, Hb, and HCT values were compared between the groups that were negative and positive for T. orientalis infection (Fig. 5) . The RBC, Hb, and HCT values obtained in the T. orientalis-positive group were 8.3 ± 2.0 M/μl, 9.1 ± 2.0 g/dl, and 32.2 ± 5.2%, respectively, and were significantly lower than those obtained in the T. orientalis-negative group which were 9.2± 1.8 M/μl, 10.0± 2.0 g/ dl, and 35.0± 4.8%, respectively (P < 0.01; Fig. 5 ). T. orientalis infection might have caused the change in the RBC profiles.
Further data were analyzed in terms of season and grazing type. They revealed that the RBC, Hb, and HCT values of the T. orientalis-positive group tended to be lower than those of the T. orientalis-negative group among all seasons and grazing types (Table 1) . Housed cattle that were positive for T. orientalis showed dramatically lower RBC values than those that were negative for T. orientalis in the summer (P < 0.05). The Hb was statistically lower in the T. orientalis-positive group than in the T. orientalis-negative group among housed cattle in the spring (P < 0.01), and among pastured cattle in the fall (P < 0.05). The HCT was also significantly lower among the T. orientalis-positive group than among the T. orientalis-negative group in housed cattle in the spring (P < 0.05). This implied that T. orientalis contributed to hematological alterations, such as decreases in the RBC count, Hb, and HCT among Hanwoo cattle, regardless of the season and grazing type.
DISCUSSION
In the present study, we investigated the tick-transmitted pathogens that are currently prevalent in Hanwoo cattle pastured on the grassy mountains of Korea during the summer and fall seasons. We also examined the association between T. orientalis infection and hematological parameters. This is first report to suggest that T. orientalis infection is closely associated with anemia in Hanwoo cattle as evidenced by decreased RBC, Hb, and HCT values. Bovine theileriosis is a tick-borne haemoprotozoan disease caused by parasites of the genus Theileria in bovines. Theileria spp. are classified into 2 groups: lymphoproliferative Theileria spp. (T. parva and T. annulata) and non-lymphoproliferative Theileria spp. (known historically as T. sergenti and T. buffeli) [16] . In particular, T. annulata and T. parva cause high mortality and morbidity due to uncontrolled lymphocyte proliferation in tropical and subtropical regions of the world [17, 18] . T. orientalis is responsible for benign/oriental theileriosis; it proliferates in erythrocytes and causes erythrocyte destruction [19, 20] . Although T. orientalis is believed to have only mild or no pathogenicity in cattle, recent outbreaks of oriental theileriosis in the Asia-Pacific region have caused major concerns in the cattle industry due to serious problems such as reduced growth and production losses in infected cattle [21, 22] . In Korea, T. orientalis is thought to be the causative agent of bovine theileriosis with a high prevalence of Haemaphysalis longicornis, which is a major biological vector of T. orientalis [23] . The present study indicated that infection of cattle with T. orientalis was more prevalent than infection by other tick-borne pathogens in all the farms investigated, and that the prevalence of T. orientalis infection increased after grazing. Similarly, isolation of Theileria parasites from ticks [10] and high rates of T. orientalis infection in grazing cattle have been reported previously in Korea [13] . In a previous study, H. longicornis, which is known to be a vector of disease agents, was the most common tick species observed in Korea [24] . Indeed, in our own recent report, no other tick species were found among the adult ticks that were collected from grazing Holstein cattle in Jiri Mountain, Korea [2] . Concordantly, in the present study, all ticks collected from the Hanwoo cattle pastured in Jeju Island, which is geographically distant from Jiri Mountain, were also H. longicornis (data not shown). This suggests that H. longicornis is a local and endemic tick vector capable of transmitting T. orientalis to grazing livestock and wild animals that inhabit the mountainous areas of Korea. In particular, pastured cattle may be highly exposed to T. orientalis through bites from H. longicornis; thus, they may be at a higher risk of infection with T. orientalis [25] . Therefore, the RBC and HCT decreases seen in grazing Hanwoo cattle might be due to bleeding caused by ectoparasite infestation or hemolysis of RBC caused by T. orientalis infection.
Besides T. orientalis, Anaplasma was detected among the pastured cattle in the present study, and the rate of infection was higher than that in the non-pastured cattle. Anaplasma is important as a zoonotic, tick-borne agent that causes both human and animal illness throughout the world, and several studies have reported Anaplasma isolation from ticks in Korea [7, 9, 24] . Nonetheless, as per our knowledge, cattle infection with Anaplasma has not been reported previously, although a Korean study did find A. phagocytophilum antibodies in the serum of Holstein cattle [26] . In the present study, we did not describe the physiological status and hematological abnormalities of Hanwoo cattle infected with A. phagocytophilum, because the sample number was too small. In future, the ability of A. phagocytophilum to cause anemia should be investigated further because bovine anaplasmosis is characterized by anemia and jaundice [27] .
One major clinical manifestation of T. orientalis is anemia. Despite this, few studies have reported the evidence of anemia in cattle that have been experimentally or naturally infected with T. orientalis [2, 28] . Moreover, to the best of our knowledge, no reports have clearly documented the changes in hematological parameters caused by natural infection of Hanwoo cattle with T. orientalis. Japanese indigenous cattle were reported to be more resistant to T. orientalis infection than Holstein [29] ; similarly, Hanwoo cattle are likely to show a different sensitivity to T. orientalis. The rate of anemia was lower in Hanwoo cattle (5.9%) than Holstein cattle (26.6%) among T. orientalis-infected cases (data not shown). Although T. orientalis infection appeared to be associated with subclinical cases in Hanwoo cattle, this study suggests that T. orientalis may be responsible for causing anemia in Hanwoo cattle by causing a decrease in RBC, Hb, and HCT levels.
The MPSP shows significant sequence diversity and pathogenicity [11] . To date, 11 genotypes (types 1-8 and N1-N3) of T. orientalis have been identified based on the sequence of MPSP, and 2 of these genotypes (chitose [type 1] and ikeda [type 2]) are thought to be pathogenic [30] . Thus, it is important to conduct further studies to identify the correlation between the pathogenic types and clinical signs by determining the MPSP genotypes of T. orientalis that are related to hematological changes in Hanwoo cattle.
Interestingly, T. orientalis was observed among Hanwoo cattle that had never been placed on the pasture. We are unable to explain the cause or infection route of T. orientalis in housed cattle, but our results suggest that Hanwoo cattle in Korea were infected with T. orientalis, even though they are raised indoors. The majority of T. orientalis-infected cattle become chronic carriers of the parasite, occasionally developing severe or fatal anemia under certain unfavorable conditions [31] . Furthermore, prenatal infection due to intrauterine transmission of T. orientalis [32, 33] may be a chronic risk factor that threatens cattle health from generation to generation. Although T. orientalis appears to have low virulence in healthy cattle, cattle with subclinical theileriosis in endemic regions become sources of infection for vector ticks as long-term carriers of piroplasm. Thus, latent infections are important in the epidemiology of theileriosis [17, 34] . Even a small number of infected cattle can constitute a nidus of infection for a whole herd [12] , and explosive outbreak of T. orientalis infection may cause considerable economic losses in Korea under various environmental changes such as global warming.
The current study revealed alterations in the RBC profile after T. orientalis infection in Hanwoo cattle. Specifically, T. orientalis-infected cattle had significantly lower RBC count, Hb, and HCT than uninfected cattle. We suppose that the increased rate of T. orientalis infection resulted from the propagation of active ticks in the mountainous areas in the summer and fall. Infection of cattle with T. orientalis may lead to economic losses in Hanwoo cattle farms in Korea. Therefore, measures to reduce tick bites and infestation must be introduced to prevent T. orientalis infection among cattle and to establish a successful grazing system in Korea.
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